The relative drying rate of samples (RDR), which is the ratio of the drying rate of pretreated samples to that of untreated ones, might be used as a tool to investigate the damage to cells of agroproducts induced by highpressure treatment. Damage to cells induced by high pressure was estimated by comparing the RDR after high-pressure pretreatment with the RDR after chloroform-vapor, heat, and freeze-thaw pretreatments of Japanese radish samples. The RDR after high-pressure pretreatment was similar to the RDR after chloroformvapor pretreatment, and was lower than for heat, and for freeze-thaw pretreatment. For agroproducts, highpressure treatment is thus comparatively moderate.
High pressure has been applied in food processing to control food quality, such as the hardness of vegetables, 1) pressure shift freezing of seafood, 2) gelatinization of starch, 3) and inactivation of microorganisms. 4, 5) Butz et al. 6) reported that high-pressure treatment did not induce loss of vitamins, antioxidants, or antimutagens in tomato. Matser et al. 7) investigated the color, texture, and activity of the browning enzyme polyphenoloxidase of mushrooms treated with high pressure, and discussed the possibility of such treatment as an alternative to conventional blanching of mushrooms. The polyphenoloxidase activity and color of mushrooms pressurized at 950 MPa were comparable to those of mushrooms blanched for 10 min in boiling water. High-pressure treatment produced a slightly firmer product than blanching under these conditions. Boynton et al. 8) investigated the color, texture, and microbial levels of precut mangos treated by high pressure, and found that high-pressure treatment was effective in reducing microbial levels of precut mangos during storage. Krebbers et al. 9) evaluated the effect of high-pressure treatment on the microbial flora, texture, color, ascorbic acid content, and peroxidase activity of whole green beans, and pointed out that high-pressure treatment had potential as a substitute for conventional preservation techniques.
Conventional techniques, such as heat and freezing, have been used to preserve agroproducts, but these techniques deteriorate the quality of agroproducts. Sterilization is by extensive thermal treatment caused by slow heat penetration into the core of the products and subsequent slow cooling, inducing off-flavor formation, texture softening, and destruction of colors and vitamins. 9) Cell breakage, cell separation, and impaired texture are frequently observed in freeze-thawed plant tissue. 10) High-pressure treatment also deteriorates the quality of agroproducts due to the cell damage it induces. Cellular disruption due to high-pressure treatment can cause loss of mango flavor compounds. 8) Although highpressure treatment of green beans lowered peroxidase activity, the ascorbic acid content decreased during storage after treatment due to chemical breakdown caused by damaged cell membranes and subsequent increased diffusion and reaction of substrates. 9) Since damage to cells due to this treatment influences the quality of agroproducts after processing and during preservation, estimating the damage to cells is important. We have reported the dielectric properties of pressurized agroproducts. 11, 12) The Cole-Cole arc disappeared over 400 MPa, and cell structure was presumably completely destroyed at this pressure level.
Cell disruption due to heat and to freeze treatment increases the drying rate of agroproducts, such as banana. 13) High-pressure treatment damages the cell membrane 14, 15) and facilitates mass transfer in plant materials. 16, 17) In addition to these physical treatments, chloroform-vapor treatment can also facilitate mass transfer in biological materials. Toh-e et al. 18) showed that Saccharomyces cerevisiae cell membranes became permeable to a substrate of intracellular alkaline phosphatase with chloroform vapor without inactivating the enzyme. Thus cell membranes composed of phospholipids are selectively damaged by chloroform-vapor treatment. Not only cell membranes but also cell walls are damaged by heat and by freeze treatment, but chloroform-vapor treatment does not damage cell walls severely. More severe damage to plant tissue would cause a higher mass transfer rate, such as the drying rate. Therefore, the drying rate can be used to estimate cell damage due to each treatment. We have reported the effects of chloroform-vapor, heat, and freeze-thaw pretreatment on cell structure by the dielectric techy To whom correspondence should be addressed. Fax: +81-22-717-8946; E-mail: shigeakiu@bios.tohoku.ac.jp nique. 19 ) Dielectric measurement was not sufficient to investigate the differences, in cell damage caused by different treatments.
In this study, we used the relative drying rate of samples (RDR), which is the ratio of the drying rate of pretreated samples to that of untreated ones, to estimate the damage to cells of agroproducts induced by highpressure treatment. The damage to cells induced by high pressure was estimated by comparing the RDR after high-pressure pretreatment with the RDR after chloroform-vapor, heat, and freeze-thaw pretreatments.
Materials and Methods
Materials. Japanese radish (Raphanus sativus) was chosen as a cellular material model. Fresh Japanese radishes were purchased from a local market in Niigata.
Sample preparation. Figure 1 shows the procedure of sample preparation. The root of a Japanese radish was peeled and was cut into eight blocks of octagonal prisms using a knife. Japanese radish blocks were pretreated with high pressure, chloroform-vapor, heat, or freezethaw. Then two circular disks 30 mm in diameter and 5 mm in thickness were cut from each block using a knife and a cork borer, and the disks were used in the drying test. The effects of various pretreatments on the drying rate of Japanese radish dried by air ventilation during the drying test were compared by RDR.
High-pressure pretreatment. High-pressure pretreatment was done in a hydrostatic pressure unit (Kobe Steel, Kobe, Japan) at a maximum pressure of 686 MPa. The inner diameter of the high-pressure vessel was 60 mm and the depth was 180 mm. Water was used as the medium to transmit pressure. The radish blocks were vacuum-packed in polyethylene pouches, and were placed in the high-pressure vessel. The pressure increase rate was 3.0 to 3.7 MPa/s. Japanese radish blocks were treated to 200, 400, or 600 MPa at room temperature in duplicate. Pressure was applied for 4 min at 200 MPa and for 5 min at 400 and 600 MPa. Decompression was within 40 s.
Chloroform-vapor pretreatment. Japanese radish blocks were placed in a desiccator saturated with chloroform and water vapor at room temperature for 4 or 12 h in quadruplicate.
Heat pretreatment. Japanese radish blocks were vacuum-packed in polyethylene pouches, and were autoclaved at 120 C for 5 or 20 min in quadruplicate. The autoclaved radish blocks were then cooled in a stream of water.
Freeze-thaw pretreatment. Japanese radish blocks were vacuumpacked in polyethylene pouches, and then were frozen in air at À20 C for 12 h in quadruplicate. Then they were thawed in a stream of water for 2 h.
Drying test. Each pretreated radish disk was laid in an aluminum cup, and was dried by air ventilation at 40 C for 10 h in a constanttemperature chamber (Tabai Espec, Osaka, Japan) containing 200 g the silica gel. The radish disks were weighed at 30-min intervals for the first 7 h and at 1-h intervals for the remaining 3 h. The moisture content was calculated from the mass of the sample as kg-water/kg-d.s. Dry solids were obtained by drying at 105 C for 24 h in a vacuum oven dryer (Yamato Scientific, Tokyo, Japan) after the drying test. The drying rate was estimated from the slope of the drying curve as (kg-water/kg-d.s.) h À1 .
Definition of relative drying rate of samples. The RDR after pretreatment was defined at each moisture content by the following equation:
RDR ¼ average drying rate of treated samples average drying rate of untreated samples ð1Þ
The RDRs after the pretreatments were calculated at moisture contents 0.5, 5, 10, and 15 kg-water/kg-d.s., and were used to compare the effects of the various pretreatments on the increase in drying rate of a Japanese radish.
Results and Discussion Figure 2 shows untreated and treated blocks of Japanese radish. Shrinkage occurred only in the heated blocks. The deformation of the block heated for 20 min was marked. The transparency of the radish blocks increased after the high-pressure and freeze-thaw pretreatments. Shimada et al. 20) also reported that highpressure treatment increased the transparency of taproot vegetables, including radish. Figure 3 shows the drying curves of radish disks. All pretreatments facilitated the drying process. The increase in the drying rate of radish disks heated for 20 min was marked (Fig. 3D) . For all pretreatments, the pretreated radish disks showed the same initial moisture content as the untreated ones. But Rastogi and Niranjan 13) reported that the moisture content of pineapple decreased under high-pressure pretreatment before osmotic dehydration. Figure 4 shows the drying characteristic curves (drying rate against moisture content) of the radish disks. The drying rate was estimated from the slopes of the drying curves of Fig. 3 . A constant drying-rate period was not observed even in the high moisture content range (>10 kg-water/kg-d.s.), and the overall drying process took place in the falling-rate period (Fig. 4A to  F) . Similar results were reported by Mulet et al. for drying carrots, 21) by Magee and Wilkinson for drying potatoes, 22) and by Kaymak-Ertekin for drying green peppers. 23) In this study, a constant drying-rate period was apparently absent in the high moisture content range, which might be interpreted as constant drying flux and a reduced exchange surface area due to shrinkage of the drying sample. 24) In all pretreatments (Fig. 4A to F) , the drying rate of the pretreated radish disks was greater than for untreated radish disks at all moisture content levels during the drying test. The increase in the drying rate was marked for radish disks both heated for 20 min and freeze-thawed. The radish disks pretreated by high pressure showed a higher drying rate than the untreated radish disks, but it was the same among radish disks treated at different pressures. Highpressure pretreatment (100-700 MPa) increases mass transfer rates during osmotic dehydration of pineapples, and the diffusivity value of water reaches a plateau after an initial increase with increasing pretreatment pressure. 14) In this study, the extent of the increase in the drying rate of the radish disks after chloroform-vapor pretreatment for 12 h was almost the same as after highpressure pretreatment. The extent of the increase in the drying rate of the radish disks after heat pretreatment for 5 min was less than 20 min. The drying rate increased with the duration of heating of the radish block.
To investigate in detail the influence of pretreatments on the drying rate of Japanese radish, the RDR at moisture content levels of 0.5, 5, 10, and 15 kg-water/kgd.s. was calculated (Fig. 5 ). An RDR greater than unity means that pretreatment increased the drying rate. All RDRs were greater than unity at all moisture contents. Therefore, all pretreatments tested in our study increased the drying rate of the radish disks. The RDR after pretreatment by high pressure, chloroform-vapor, and heat for 5 min was 1.0 to 1.3. The RDR after pretreatment by freeze-thaw and heat for 20 min was higher than for the other pretreatments. This tendency was conspicuous at lower moisture content levels. No influence of pressure value or duration of chloroform-vapor pretreatment on RDR was observed. But the RDR after heat pretreatment increased with increasing heating time. Heat pretreatment for 20 min showed almost the same RDR as freezethaw pretreatment at a moisture content of 15 kg-water/ kg-d.s., but the former showed greater RDR than the latter at other moisture content levels.
The drying rate of green beans increased in the order high-pressure treated, hot-water blanched, and frozen beans. 25) The lower drying rate of hot-water blanched green beans than frozen green beans can be attributed to blanching conditions. Hot-water blanching in boiling water for 7 min in the Eshitiaghi et al. 25) study was a milder treatment than the heat pretreatment in the autoclave at 120 C for 20 min in our study. By comparing RDRs, the pretreatments can be divided into two groups: (i) heat and freeze-thaw pretreatments, which induced a greater increase in drying rate, and (ii) high-pressure and chloroform-vapor pretreatments, which induced a moderate increase in the drying rate. During the freeze-thaw pretreatment, both the cell membrane and the cell wall were often damaged by the formation of ice crystals. Heat pretreatment also damaged both the cell membrane and the cell wall. The RDR after heat pretreatment was to similar degrees to the freeze-thaw pretreatment, indicating similar degrees of damage to cells by the two pretreatments. In the living roots of plants, water moves through the apoplast, transmembrane, and symplast pathways. 26) The damage to the cell membrane alone reduced resistance to water movement through the cell membrane. Therefore, sample disks in which the cell membrane was damaged showed a lower drying rate than sample disks in which both the cell membrane and cell wall were damaged. The cell membrane might have been selectively damaged by chloroform-vapor pretreatment, because the RDR after chloroform-vapor pretreatment was moderate.
The RDR after high-pressure pretreatment was similar to the RDR after chloroform-vapor pretreatment, and tended to be lower than the RDR after the heat and freeze-thaw pretreatments. Thus high-pressure treatment was thought to damage the cell membrane, and not to damage the cell wall severely.
To evaluate cell damage, we used two methods. Measurement of dielectric properties for fresh agroproduct, indicated characteristic Cole-Cole arcs showing the presence of the cell structure. 11, 12, 19) The physicochemical (chloroform-vapor, heat, freeze-thaw, and high-pressure over 400 MPa) treated samples did not similarly show Cole-Cole arcs, indicating the disappearance of cell structure. Dielectric measurement was a fast, less-invasive method, but was not as sensitive. The changes in microstructure did not reflect the dielectric properties. Even though it took a long time to evaluate cell damage with the RDR, it was worth evaluating the microstructural changes in the samples. 13, 25) The RDR is more sensitive than dielectric measurement to evaluate cell damage.
Conclusion
The RDR was used to estimate damage to the cells. The drying rate of Japanese radish increased under the high-pressure, chloroform-vapor, heat, and freeze-thaw pretreatments. The RDR after the heat and freeze-thaw pretreatments, during which both the cell membrane and the cell wall were damaged, was greater than for chloroform-vapor pretreatment, during which damage was only to the cell membrane. The RDR after highpressure pretreatment was similar to the RDR after chloroform-vapor pretreatment, and tended to be lower than for the heat and freeze-thaw pretreatments. Thus high-pressure treatment is perhaps a comparatively moderate treatment for agroproducts, because the cell membrane was only moderately damaged, and the cell wall was not damaged severely.
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